Abstract-In spintronic-based neuromorphic computing systems (NCS), the switching of magnetic moment in a magnetic tunnel junction (MTJ) is used to mimic neuron firing. However, the stochastic switching behavior of the MTJ and process variations effect leads to extra stimulation time. This leads to extra energy consumption and delay of such NCSs. In this paper, a new real-time sensing (RTS) circuit is proposed to track the MTJ state and terminate stimulation phase immediately after MTJ switching. This leads to significant degradation in energy consumption and delay of NCS. The simulation results using a 65-nm CMOS technology and a 40-nm MTJ technology confirm that the energy consumption of a RTS-based NCS is improved by 50% in comparison with a typical NCS. Moreover, utilizing RTS circuit improves the overall speed of an NCS by 2.75x.
INTRODUCTION
During the past decade, enormous efforts have been put to achieve a computing system to be trained and adapted to communicate with environment in a similar way as human brain does. Human brain approximately has a 12 orders of magnitude advantage in operation/s/W/cm 3 compared to the state-of-the-art supercomputers [1] . Therefore, for future exascale computing, a paradigm shift facilitating the computation in an extremely low power density mode will be essential; the promising solution is to mimic the brain computing-"neuromorphic computing". The IBM's TrueNorth [2] and the Google's DeepMind [3] are examples of such brain-inspired computers.
Hardware implementation of a neuromorphic computing system (NCS) requires massively parallel components (act as neurons), which are capable of interacting with each other as well as the external world through adaptive or programmable devices (act as synapses). NSCs implemented using digital and analog CMOS have been reported previously [4] . However, the CMOS implementation of such systems is inefficient from the area and power perspectives [5] . Such inefficiencies have driven a significant effort to propose novel computing approaches using beyond-CMOS technologies. Thanks to the advances in nanotechnology research and so the development of new materials, the combination of novel spin-based devices and electronic components has shown promising potentials for implementing low-power high-density NCSs. In spintronicbased NCSs, a common way to mimic neuron firing is magnetic reversal of free layer magnetic moment in a magnetic tunnel junction (MTJ). Although, spintronic-based NCSs are more power-efficient and denser than their CMOS implementation, their power density is still far from brain. This is due to the fact that the traditional way of changing the state of magnetic moment through bias current consumes high power. Hence, there is a crucial need for shortening the bias current in current spintronic-based NCSs.
II. STATE OF THE ART

A. Neuron Implementation
There are different ways of mimicking "nueronal" functionality in NCSs including magnetic tunnel junction (MTJ) based, lateral spin valve (LSV) based and spin orbit torque (SOT) based [6] . All these methods try to mimic the neuron firing through switching the magnetic moment in a feromagnetic layer named free layer (FL). This is done through passing a relatively high polarized current from FL leading to a high power consumption. Another common problem in all methods is that there is a need for an extra phase to check wether FL switched (neuron fired) or not (neuron stayed unchanged) i.e. read operation. This is in contrast with real neuron functionality in human body, which is done in one phase. As mentioned above, in all methods, the FL switching of MTJ is used to mimic neuronal firing. Hence, exploring the FL switching behavior in MTJs will help to overcome the above mentioned problems.
B. MTJ Basis
The schematic of MTJ is shown in Fig. 1 (a) . It consists of a pinned layer (PL) with fixed magnetization direction and a free layer (FL) with changeable magnetization direction, which are separated by a tunneling oxide layer or a non-magnetic material such as MgO, AlO x etc. The resistance of the MTJ is determined by the relative magnetization direction of two ferromagnetic layers ( Fig. 1 (b) ). When the magnetization directions of two magnetic layers are parallel (P-state) or anti-parallel (AP-state), 978-1-5090-5803-7/17/$31.00 ©2017 IEEE MTJ resistance is low or high, respectively. In order to switch the magnetization direction of the FL, a spin-polarized current has to flow through the MTJ. This is done by applying an appropriate voltage to the terminals connected to the FL and PL and controlling the current direction. When the current flows from FL to PL, the magnetization direction of FL and PL will be the same and the resistance of MTJ is low. However, a current flowing from PL to FL in the MTJ will lead to an AP state with high MTJ resistance. In MTJ-based NCS, the magnetization reversal of FL is used to mimic biological neuron firing [5] [6] . Thus, the MTJ state can be determined through evaluating its resistance using a read circuitry.
C. Stochastic Behavior of MTJ Switching
The total switching time of an MTJ consists of the incubation time and transit time [7] . Incubation time contributes to more than 90% of the total write time and the stochasticity of switching results from fluctuations in incubation time [8] . As a result, the switching bahvior of the MTJ is inherently stochastic. In fact, the switching time for an MTJ with a specific current varies dramatically with the distribution having a long tail [7] . This stochasticity (i.e. switching time variation) is due to thermal fluctuations [9] . As the MTJ current increases, the effect of thermal fluctuations on MTJ switching decreases and the switching time stochasticity will decrease. The MTJs in an NCS operate with low current and so the thermal fluctuations play an important role in their magnetization switching characteristics. Hence, the thermal fluctuations will lead to large variations in MTJ switching time for a specific MTJ with constant switching current. Considering the switching current variations for different cells due to process variations (PV), the switching time varies severely for different MTJ-based neurons. In order to deal with this stochastic switching behavior of MTJs, to guarantee a correct switching operation, a write pulse duration much longer than the average write time is required, which will lead to a large energy consumption and low speed operation of MTJ-based NCSs.
III. PROPOSED REAL-TIME SENSING TECHNIQUE
As mentioned in previous section, there are two major problems associated with utilizing MTJs to mimic neuronal functionality in NCSs. First, the switching behavior of the MTJs is highly stochastic, which leads to a significant increase in the write-enable pulse in order to guarantee a correct switching operation. Utilizing longer write-enable pulse poses a penalty on speed and power consumption. Second, the extra phases needed in the MTJ-based NCSs to complete the neuronal and synaptic actions are in contrast with real neuron functionality in brain. To deal with these problems, a new Real-Time Sensing (RTS) technique is proposed in this work described in the following section. Fig. 2 (a) shows the schematic of the NCS equipped with our proposed RTS technique. In this technique, the main idea is to perform real-time tracking of the MTJ state in order to cut off the MTJ current and stimulate the post neuron in post NCS once the MTJ state is switched. Hence, the RTS technique acts not only similar to real neurons in brain, but also it decreases the overall energy consumption, significantly. Switching of MTJ state from AP-to P-state reduces its resistance. Hence, the voltages of different nodes connected to the MTJ will change. However, the voltage change of V n1 is higher than other nodes base on our simulations. Hence, in RTS technique, the n1 voltage change is used to sense the MTJ switching. After MTJ switching, Vn1 increases. The RTS circuit connected to n1 turns off Tct (cut off MTJ current) and turns on Tst (stimulate post NCS) immediately after sensing MTJ switching.
The circuit implementation of proposed RTS circuit and its timing diagram are shown in Fig. 2 (b) and (c), respectively. At the beginning (t0<t<t1), the signals C and CB are '1' and '0', respectively. As a result, M1 and M2 turn on and the capacitors C1 and C2 are charged to 'VDD/2-Vn1' and 'VDD -VDD/2', respectively. It is worth noting that t1 will be chosen shorter than minimum time required for MTJ switching (1ns as will be discussed in Section V). Hence, it has no negative effect on operation of the NCS. Then, at t1, signals C and CB become '0' and '1', respectively. Hence, M1 and M2 turn off and the transmission gate connected to the output of amplifier turns on. As a result, a negative feedback will be created on amplifier and In-becomes a high impedance node. This negative feedback keeps the voltage of node In-at VDD/2. When MTJ switching occurs at t2, Vn1 will rise. On the other hand, the amplifier keeps the VIn-at VDD/2. Hence, some positive charge of C2 will be transferred to C1. This will decrease the voltage of C1 which leads to voltage drop on O1 node. If the capacity of C2 will be sufficiently higher than C1, the voltage drop on C1 will be large enough to change VO1 from VDD to ground. This leads to turn off control transistor through AND gate.
Different amplifier topologies such as two-stage, telescopic and folded-cascode amplifiers can be used [10] [11] . Amongst them, the folded cascade amplifier is utilized in RTS circuit. This is due to the fact it is high speed (compared with two-stage) and can be used with lower supply voltages (compared with telescopic cascode).
IV. SIMULATION RESULTS
The simulation results for an NCS with three inputs and two MTJs equipped with the proposed RTS circuit in 65nm CMOS technology are presented in this section. The sampling capacitors, C1 and C2, are implemented using MOSCAPs with L1=0.2 m, L2=1 m, W1=0.62 m and W2=2.85 m, respectively. Simulations are performed at the supply voltage of 1V and the temperature of 25°C in HSPICE simulator. In this paper, the compact modular MTJ model presented in [12] with stochastic Landau-Lifshitz-Gilbert equations solver block is used. This is a flexible model and allows the user to define the physical device dimensions such as TMgO, WMTJ and LMTJ. The TEAM memristor model [13] is used in this paper. This is a flexible and accurate model that has the capability of simulating memristors with different physical structure. The MTJ, transistor and memristor parameters used in this paper are listed in Table I .
A. Effetc of stochasticity and proccess variation on MTJ switching time
As mentioned in section II, the MTJ switching time is stochastic due to thermal fluctuations. Moreover, PVs can change the characteristics of MTJs, memristors and transistors of NCS that leads to MTJ switching time variations. In this subsection, the effects of PVs and thermal fluctuations on MTJ Switching Time (ST) are explored. To do this, a Monte Carlo (MC) simulation with 1000 iterations is run and the ST variations is explored. As shown in Fig. 3 , the ST distribution is positively skewed with 5.79ns mean value, 1=2.15ns and 2=1.03ns. Hence, considering 5 variations, the maximum and minimum switching time are calculated as 16.54ns and 0.64ns, respectively. This means that in order to guarantee a correct switching operation, 16.54ns write pulse duration is required which is much longer than 5.79ns average ST. This leads to significant extra energy consumption and delay in NCS.
B. Transient Simulation
The impact of utilizing the proposed RTS circuit on detecting MTJ state switching and terminating its current in an NCS is explored through transient simulation as shown in Fig.  4 . is the angle between FL and PL magnetization vectors. When , the two layers are in the P-state and means they are in the AP-state. The NCS stimulation starts at t=1ns by enabling OP signal. The signal C is also enabled at the same time with OP (t=1ns) for 0.6ns (the CB signal goes '0' during this period). Hence, the C1 and C2 capacitors of RTS circuit are precharged to V DD-VDD/2 and VDD/2-Vn1, respectively. The activation time of C should be chosen in a way that it will be shorter than the shortest MTJ switching time (i.e. 0.64ns). This will ensure the correct operation of RTS circuit. However, if in a rare case switching occurs earlier than 0.6ns, it will not affect the NCS operation. In this case, the RTS circuit cannot terminate the MTJ stimulation and the MTJ current will cut off when the OP signal goes '0' (like a typical NCS).
After disabling C, the In-node turns to a high impedance node and its voltage remains at VDD/2. When switching occurs at t=7.25ns, Vn1 increases leading to an increase in VIn-. However, the amplifier tries to keep VIn-at VDD/2. As a result, the output voltage of amplifier (VO1) starts decreasing from VDD to ground. The speed of VO1 reduction determines the delay of RTS circuit, which depends on amplifier gain and the total capacitance of the O1 node. Hence, increasing the gain of amplifier decreases the total delay of RTS at the cost of extra energy consumption. The node O1 is followed by a high-skewed buffer. Hence, when VO1 drops below 0.6V, the output of highskewed buffer (node Out) switches from '1' to '0' at t=7.68ns. As a result, the Ter signal goes '0' and the control transistor (Tcr) turns off. Hence, the MTJ current becomes zero leading to a significant energy saving as shown in Fig. 4 .
C. Energy reduction
In the typical NCS, the MTJ current will flow after MTJ switching until the end of stimulation operation that is determined by the OP signal. This leads to an extra energy consumption as shown in Fig. 4 . The energy consumption of typical NCS in stimulation phase is calculated as 2010fJ. The average read power is around 93 W with the average read duration of 1ns [14] . Hence, the energy consumption of read circuit can be estimated around 93fJ. As a result, the total energy consumption of a typical NCS will be 2.103pJ.
In the RTS-based NCS, the MTJ current stops after MTJ switching as shown in Fig. 4 that leads to a significant energy reduction. The energy consumption of NCS while using proposed RTS circuit to cut off its current at optimal delay is calculated as 617fJ. For the RTS circuit, note that, the activation time can be divided into two phases. In the first phase, the C1 and C2 capacitors are charged into suitable voltages through enabling the C signal. In this phase, the amplifier is kept inactive and the RTS energy consumption is calculated 9fJ. The second phase starts after disabling C signal (t=1.6ns) and ends after Ter signal goes '0'. The energy consumption of the RTS circuit in this phase is mostly related to the amplifier bias current that is 296fJ. Hence, the total energy consumption of RTS circuit is 305fJ. The energy consumption of the RTS-based NCS is equal with the total energy consumption of the NCS and the RTS circuit, which is 922fJ. As a result, utilizing the RTSbased NCS improves the energy consumption by 56% compared with the typical NCS.
D. Speed improvement
The NCS delay can be calculated as the difference between the time the neuron is stimulated and the time at which the neuron stimulates the post neuron. In the typical NCS, the delay is constant and it is equal with the sum of the required time to guarantee switching of MTJ (OP signal duration) and the delay of read circuit. The minimum OP duration while considering 5 variations is 16.54ns. The overall delay of a read circuit can be estimated as 1ns [14] . As a result, the NCS delay is 17.54ns.
In the RTS-based NCS, the NCS delay is adaptive. This is due to the fact that the RTS circuit will stimulate the post neuron immediately after MTJ switching. Hence, the overall delay of the RTS-based NCS can be calculated by summing up the average MTJ switching time (5.79ns as shown in Fig. 3 ) and the RTS delay (0.55ns). Hence, the overall delay of 6.34ns and is achieved for RTS-based NCS. It shows 2.75x speed improvement. It should be noted the achieved numbers are based on the NCS characteristics listed in Table I and can be different for a NCS with different characteristic. However, the improvements are expected to remain constant for different NCS characteristics.
V. CONCLUSION
The read circuit of typical NCSs is replaced with a proposed real time sensing circuit in order to improve the energy consumption and speed of such computing systems. The improvements are achieved through tracking the MTJ state and terminating its current right after MTJ switching using a proposed RTS circuit during stimulation phase. Other sidebenefit of the RTS circuit is that the operation of the RTS-based NCS will be similar to real neuron functionality in human body. The simulation results confirm that the energy consumption and overall speed of the RTS-based NCS are improved by 50% and 2.75x compared with the typical NCS.
